Five quaternary ammonium amphiphilic compounds were synthesized from sophorolipid 1. These compounds were formulated in aqueous media and some of them (5 and 6) produced well-defined supramolecular aggregates which were characterized by DLS and zeta measurements. Their capacity to transfect four different eukaryotic cell lines in vitro was assessed. To evaluate the influence of the carbohydrate head group from the sophorolipids on the transfection efficacies, their deglycosylated analogues were also synthesized and tested for gene delivery. For all the compounds, the use of DOPE as a helper lipid in a 1 : 1 molar ratio with the ammonium-based lipids was required to obtain homogeneous formulations. The transfection results indicate that quaternary ammonium-based sophorolipids proved to be more efficient pDNA carriers than their deglycosylated counterparts. Moreover, the presence of the carbohydrate head group clearly contributed to the good biocompatibility of these cationic lipids. These cationic sophorolipid derivatives thus offer good potential for the development of new vectors for gene delivery based on renewable resources. † Electronic supplementary information (ESI) available. See
Introduction
Cationic lipids constitute a class of amphiphilic compounds which can be used to compact, protect and carry pDNA or other nucleic acids such as mRNA, 1 shRNA or siRNA 2 for in vitro or in vivo applications. 3 This class of vectors was initially used by Felgner et al. 4 Since then, many types of cationic lipids have been designed, leading to a better under-standing of the mode of action and the identification of efficient vectors. 5 For example, recent clinical trials demonstrated some benefits of the administration of CFTR genes to cystic fibrosis patients using a cationic lipid as a carrier. 6 Moreover, synthetic vectors such as cationic lipids can be administered multiple times without any side reaction, in contrast to viral vectors which are efficient carriers for transfection but can induce an immune response from the first administration. 7 Many cationic lipids possess a structure inspired by natural amphiphilic compounds such as phospholipids with the aim to produce non-toxic or low-toxic vectors. 8 Recently, research has been focused on the development of renewable based gene delivery vectors, since natural derived products are expected to have an enhanced biocompatibility. 9 Glycerolbased cationic lipids were widely studied and cationic lipids with natural lipid chains such as oleyl, linoleyl or phytanyl chains were used to produce efficient vectors. 9a-d MacDonald and co-workers alkylated natural diacylglycerophosphocholine to produce cationic lipids. 9e-g Aminoglycosides, sperminebased vectors and trimethylarsonium-based compounds (these latter being widely present in sea food) were also incorporated as cationic polar heads to produce efficient vectors for gene delivery. 3b,9h-n,10 Therefore, the assessment of new natural resources which can be chemically modified to design new cationic amphiphilic compounds for nucleic acid delivery is of great interest.
Sophorolipids are a class of biosurfactants which are produced by the yeast Starmerella bombicola through fermentation using glucose as the hydrophilic carbon source and a fatty acid, mostly oleic acid, as the hydrophobic carbon source. 11 Natural sophorolipids feature multiple beneficial biological activities such as anti-cancer, antimicrobial, dermatological, immunoregulatory, spermicidal and antiviral activities. 12 They also possess self-assembly properties, which resulted in the synthesis of supramolecular nanostructures and the use of sophorolipids as capping agents for nanoparticle formation. 12e,13 Some authors even suggested the possibility that sophorolipid-capped nanoparticles could be able to cross the blood-brain barrier for targeted drug delivery. 14 All the previous examples suggest that cationic sophorolipid derivatives can be considered as suitable vectors for gene delivery. Recently in our research group, a library of eighteen quaternary ammonium sophorolipids was successfully synthesized and promising antimicrobial activities were obtained for these new derivatives. 15 In this work, the evaluation of the transfection efficiency for the previously synthesized quaternary ammonium sophorolipids is described. To evaluate the influence of the carbohydrate head group, its deglycosylated derivatives were also prepared and compared with the quaternary ammonium sophorolipids for in vitro experiments. A commercial lipofection reagent was used as a reference compound in the transfection experiments.
Results and discussion
The synthesis of a quaternary ammonium sophorolipid library was previously described in six steps starting from the major microbial product, i.e. the diacetylated sophorolipid lactone 1. 15 Among a set of 18 quaternary ammonium sophorolipids, 5 compounds (2) (3) (4) (5) (6) were evaluated for their ability to form supramolecular aggregates in aqueous solution by using the method of hydration of a lipid film. These formulations were characterized by measuring the size of the nanoparticles (DLS measurements) and their surface charge (zeta measurements) (Scheme 1 and Table 1 ). The formation of a homogeneous formulation is a necessary prerequisite for the evaluation of the suitability of quaternary ammonium sophorolipids as vectors for gene delivery. In this series of compounds, only com-pounds 5 and 6 produced homogeneous formulations. For the other compounds their weak amphiphilic character (limited hydrophobic domain) likely explained the absence of well characterized nanoparticles in water. Quaternary ammonium sophorolipids 5 and 6 were subsequently evaluated with respect to their transfection efficiency. In order to elucidate the importance of the disaccharide unit specifically present in compounds 5 and 6, 4 analogues (9a/b and 11a/b) devoid of this motif were synthesized for this study (Scheme 2).
In a first step, the synthesis of hydroxylated quaternary ammonium salts 9 was attempted starting from N-methyl,Noctadecyl sophorolipid amine 7 (Scheme 2A). The sophorolipid amine was subjected to acid hydrolysis, followed by automated flash purification of (S)-9-(methyl(octadecyl)amino)nonan-2-ol 8, and subsequent quaternization with methyl and butyl iodide towards hydroxylated quarternary ammonium salts 9. These compounds possess a sub-terminal hydroxyl function, resulting from the stereoselective hydroxylation of the fatty acid in the fermentation process. Since this hydroxyl function Scheme 1 Chemical structure of diacetylated sophorolipid lactone 1, acetylated quaternary ammonium sophorolipids 2 and 3 and deprotected quaternary ammonium sophorolipids 4-6. could also influence the amphiphilic properties of the quaternary ammonium salts, synthesis of the non-hydroxylated quaternary ammonium salts 11 was attempted as well (Scheme 2B). N-Methyl,N-nonyloctadecan-1-amine 10 was synthesized via reductive amination of nonanal and N-methyl,Noctadecylamine, followed by quaternization with methyl and butyl iodide towards non-hydroxylated quaternary ammonium salts 11 (see the ESI † for 1 H and 13 C NMR). Quaternary ammonium sophorolipids 5 and 6, the hydroxylated quaternary ammonium salts 9a/b and the non-hydroxylated quaternary ammonium salts 11a/b were formulated as a liposomal solution. All the compounds were formulated with or without 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). For all liposomal solutions, the size and zeta potential were determined (Table 1) . Particularly, for the quaternary ammonium sophorolipids 5 and 6, and to a lesser extent for hydroxylated quaternary ammonium salts 9a/b, formulation with DOPE proved to be necessary to obtain homogeneous formulations. Formulations with DOPE also resulted in the formation of much smaller particles in comparison with formulations without DOPE. All zeta potentials were clearly positive as expected for liposomes generated from cationic lipid derivatives.
The capacity to compact plasmid DNA ( pDNA) was evaluated for all liposomal formulations by pDNA retardation assays on agarose gel electrophoresis ( Fig. 1 ). This was performed at different charge ratios (CR) which is defined as the number of positive charges provided by the cationic lipid derivative divided by the number of negative charges carried by the pDNA. In the absence of any co-lipid, no pDNA compaction was observed for any of the six compounds (see ESI 1 †) . When formulated with DOPE, quaternary ammonium sophorolipids 5 and 6 still remained almost inefficient to compact pDNA. For hydroxylated quaternary ammonium salts 9a/b, very weak compaction was observed. Only both non-hydroxylated quaternary ammonium salts 11a/b demonstrated some ability to compact pDNA, on a similar level as LFM. Altogether, these results suggest that a better compaction of pDNA is obtained for less hydrophilic compounds.
The cationic lipids were then evaluated with respect to their ability to deliver DNA to various cell lines. Three humanderived cell lines were included, namely melanoma cells (SKMEL28) and two airway epithelial cells i.e. (i) lung carcinoma (A549) and (ii) normal bronchial (16HBE) cells. A fourth cell line was a mouse myoblast cell line (C2C12) which was only used for the evaluation of the formulations incorporating DOPE. A reporter (luciferase-encoding) pDNA was used that allowed the determination of the transfection efficiency via highly sensitive luminescence measurements. Each formulation was evaluated at different CRs, similar to those previously considered for the DNA complexation assay.
Concerning the efficiency of liposomes prepared without DOPE, only the ones derived from non-hydroxylated quaternary ammonium salts 11a/b were able to transfect one of the cell lines studied (16HBE). All the other liposomes devoid of DOPE were completely inefficient to transfect any of the Scheme 2 Synthesis of hydroxylated and non-hydroxylated quaternary ammonium salts 9 and 11. considered cell lines (see ESI 2 and 3 †). On the contrary, when formulated with DOPE, all derivatives demonstrated some ability to transfect one or more cell lines ( Fig. 2 and ESI 4 † that also include some results with the C2C12 cell line). The quaternary ammonium sophorolipids 5 and 6 efficiently transfected 16HBE and A549 cell lines, whereas lower efficiencies were obtained for the transfection of the SKMEL28 cell line. This observation could be related to the low compaction properties of the formulations of compounds 5 and 6 with DOPE as shown in Fig. 1 . Two hypotheses can be formulated: (1) compared to cell lines A549 and 16HBE, the cell line SKMEL28 requires efficient pDNA compacting agents to observe transfection that likely occurs via an endocytosis pathway. This hypothesis is consistent with the compaction properties of compounds 11a/b or LFM and their respective transfection efficacies. (2) The second hypothesis would implicate a different mechanism that could involve the temporary poration of the membrane which was recently observed by Ilies and coworkers for another kind of cationic lipid. 16 The quaternary ammonium salts 9a/b and 11a/b were also efficient to deliver the pDNA to all four cell lines with the best results obtained at CR2 or CR4. It can be noticed that the chemical structure of 11a/b is close to that of didodecyldimethylammonium bromide (DDAB), 17 or dodecyltrimethylammonium 18 which were reported previously as vectors for gene delivery.
Regarding the toxicity of the different compounds, it is noteworthy that they exhibited quite different effects towards the viability of the cells ( Fig. 3 and ESI 5 † for the C2C12 cell line). However, these effects were similar whether or not DOPE was incorporated into the formulation (see ESI 6 and 7 †). Quaternary ammonium salts 9a/b and 11a/b were highly detrimental for the cells from a CR as low as 2. This high toxicity was clearly associated with a decrease of the transfection efficacy at CR higher than 2 (Fig. 2) . This may be explained by a detergent effect exerted by these cationic amphiphilic compounds. On the contrary, quaternary ammonium sophorolipids 5 and 6 were much better tolerated by the cells. Indeed, no real toxicity against SKMEL28 and only a moderate CR-dependent toxicity towards the three other cell lines were noticed. These results strongly suggest that the biocompatibility of sophorolipids isat least in partdue to the sugar group they specifically incorporate. Hence, despite that quaternary ammonium sophorolipids 5 and 6 poorly interacted with pDNA, they were clearly more efficient transfection vectors than their deglycosylated analogues 9a/b and 11a/b. Many recent reports highlight that there is no strict relationship between the ability of a given vector to retard DNA on agarose gel and its ability to transfect cells in vitro. Actually, a balance should be found between stability of complexes (in order to form aggregates dense enough to contact and enter cells) and lability (to release DNA once inside the cells). 9c,19 However, no general conclusion can be drawn since such an equilibrium might depend on many parameters including the cationic lipid considered, the experimental conditions employed (e.g. the medium used to prepare the lipoplexes), the cells to be treated, etc. Such a balance may also determine the toxicity experienced by the cells.
Conclusions
From a starting set of 18 chemically synthesized quaternary ammonium sophorolipids, two (5 and 6) were retained and evaluated as possible vectors for gene delivery. To evaluate the influence of the carbohydrate head group, their deglycosylated derivatives 9a/b and 11a/b were synthesized. In particular, hydroxylated quaternary ammonium salts 9 and non-hydroxylated quaternary ammonium salts 11 were synthesized. All six cationic lipid derivatives were formulated as a liposomal solution and characterized (size, zeta potential). For these formulations, the use of DOPE as a helper lipid was included. Its presence was required to obtain homogeneous liposomal solutions with the quaternary ammonium sophorolipids 5 and 6. Then, the ability of the liposomal formulations to compact pDNA was assessed. An increasing compaction was observed for a decreasing hydrophilicity of the compounds and formulation with DOPE proved to be necessary.
Finally, the capacity of the cationic lipids 5, 6, 9a/b and 11a/b to achieve transfection of eukaryotic cells was assessed on three cell lines (A549, 16HBE, and SKMEL28). The transfection efficacies depended on the CR and the quaternary ammonium sophorolipids 5 and 6 exhibited high transfection results concomitantly with a low cell toxicity. We provide evidence that the disaccharide moiety present in compounds 5 and 6 contributed to their low toxicity. This work illustrates the valorization of natural resources for the development of highly biocompatible transfection agents.
Experimental

Synthetic procedures
General procedure for synthesis of (S)-9-(methyl(octadecyl) amino)nonan-2-ol (8) . N-Methyl,N-octadecyl sophorolipid amine 7 (0.76 g, 0.73 mmol) was dissolved in 20 mL methanol, a few drops of concentrated sulfuric acid were added, and the mixture was refluxed overnight. Subsequently, an aqueous 2 N sodium hydroxide solution was added until an alkaline pH was obtained. The organic solvent was evaporated under reduced pressure and the resulting water layer was extracted with diethyl ether. The organic phase was dried over magnesium sulfate, filtered and concentrated under reduced pressure. Compound 8 was purified via automated flash chromatography with a hexane/ethyl acetate/triethylamine mixture as the eluent. Purification gradient: 2 CV 5% mixture A, 30 CV 5-60% mixture A, and 2 CV 60% mixture A (mixture A = 16% triethylamine in ethyl acetate). Compound 8 was isolated as a viscous colorless oil (0.13 g, 43%). 1 General procedure for synthesis of N-((S)-8-hydroxynonyl)-N,N-dimethyloctadecan-1-ammonium iodide (9a) . In a 10 mL pressure resistant vial, 0.071 g of compound 8 (0.17 mmol) was dissolved in a 1 : 1 mixture of acetone and acetonitrile. The solution was cooled down to 0°C and 0.05 mL of methyl iodide (0.83 mmol, 5 eq.) was added. The vial was closed and heated to 80°C for 72 hours. The reaction mixture was concentrated under reduced pressure to yield compound 9a as a yellow waxy solid (0.097 g, 98%). 1 H-NMR (400 MHz, CDCl 3 ): δ H 0.88 (3H, t, J = 6.8 Hz, CH̲ 3 CH 2 ), 1.19 (3H, d, J = 6.2 Hz, CH̲ 3 CH), 1.26-1.46 (40H, m, CH̲ 2 CHCH 3 , CH 3 CH̲ 2 , 18 × CH̲ 2 (CH 2 ) 2 ), 1.68-1.77 (4H, m, 2 × CH̲ 2 CH 2 N), 3.38 (6H, s, 2 × CH̲ 3 N), 3.46-3.52 (2H, m, CH̲ 2 N), 3.53-3.58 (2H, m, CH̲ 2 N), 3.67 (1H, s, CHOH̲ ), 3.77-3.84 (1H, m, CH̲ OH). 13 C-NMR (100 MHz, CDCl 3 ): δ C 14.1 (C̲ H 3 CH 2 ), 22.7 (2 × C̲ H 2 CH 2 N), 22.8 (CH 3 C̲ H 2 ), 23.6 (C̲ H 3 CH), 25.4 (C̲ H 2 (CH 2 ) 2 ), 25.9 (C̲ H 2 (CH 2 ) 2 ), 26.2 (C̲ H 2 (CH 2 ) 2 ), 28.9 (C̲ H 2 (CH 2 ) 2 ), 29.1 (C̲ H 2 (CH 2 ) 2 ), 29.2 (C̲ H 2 (CH 2 ) 2 ), 29.4 (C̲ H 2 (CH 2 ) 2 ), 29.4 (C̲ H 2 (CH 2 ) 2 ), 29.5 (C̲ H 2 (CH 2 ) 2 ), 29.6 (C̲ H 2 (CH 2 ) 2 ), 29.7 (7 × C̲ H 2 (CH 2 ) 2 ), 31.9 (C̲ H 2 (CH 2 ) 2 ), 39.0 (C̲ H 2 CHCH 3 ), 51.5 (2 × C̲ H 3 General procedure for synthesis of N-butyl,N-((S)-8-hydroxynonyl)-N-methyloctadecan-1-ammonium iodide (9b). In a 10 mL pressure resistant vial, 0.063 g of compound 8 (0.15 mmol) was dissolved in a 1 : 1 mixture of acetone and acetonitrile. The solution was cooled down to 0°C and 0.08 mL of butyl iodide (0.74 mmol, 5 eq.) was added. The vial was closed and heated to 80°C for 72 hours. The reaction mixture was concentrated under reduced pressure to yield compound 9b as a yellow waxy solid (0.099 g, 87%). 1 H-NMR General procedure for synthesis of N-methyl,N-nonyloctadecan-1-amine (10). Nonanal (0.21 g, 1.44 mmol) and N-methyl, N-octadecylamine (0.41 g, 1.44 mmol) were dissolved in 10 mL methanol, 0.18 g NaBH 3 CN (2.88 mmol, 2 eq.) and 0.41 mL acetic acid (7.21 mmol, 5 eq.) were added sequentially. The reaction mixture was stirred overnight at room temperature, concentrated under reduced pressure and dissolved in ethyl acetate. The mixture was washed 3 times with a saturated NaHCO 3 solution and the organic phase was dried over MgSO 4 , filtered and concentrated under reduced pressure. Compound 10 was isolated as a viscous colorless oil without further purification (0.57 g, 97%). General procedure for synthesis of N,N-dimethyl,N-nonyloctadecan-1-ammonium iodide (11a) . In a 10 mL pressure resistant vial, 0.29 g of compound 10 (0.70 mmol) was dissolved in a 1 : 1 mixture of acetone and acetonitrile. The solution was cooled down to 0°C and 0.22 mL of methyl iodide (3.49 mmol, 5 eq.) was added. The vial was closed and heated to 80°C for 72 hours. The reaction mixture was concentrated under reduced pressure to yield compound 11a as an orange waxy solid (0.39 g, quant. 
), 29.3 (C̲ H 2 (CH 2 ) 2 ), 29.3 (C̲ H 2 (CH 2 ) 2 ), 29.4 (C̲ H 2 (CH 2 ) 2 ), 29.5 (C̲ H 2 (CH 2 ) 2 ), 29.6 (C̲ H 2 (CH 2 ) 2 ), 29.6-29.7 (7 × C̲ H 2 (CH 2 ) 2 ), 31.8 (C̲ H 2 (CH 2 ) 2 ), 31.9 (C̲ H 2 (CH 2 ) 2 ), 51.6 (2 × C̲ H 3 General procedure for synthesis of N-butyl,N-methyl,N-nonyloctadecan-1-ammonium iodide (11b) . In a 10 mL pressure resistant vial, 0.28 g of compound 10 (0.70 mmol) was dissolved in a 1 : 1 mixture of acetone and acetonitrile. The solution was cooled down to 0°C and 0.39 mL of butyl iodide (3.47 mmol, 5 eq.) was added. The vial was closed and heated to 80°C for 72 hours. The reaction mixture was concentrated under reduced pressure to yield compound 11b as a yellow waxy solid (0.40 g, 97%). 1 H-NMR (400 MHz, CDCl 3 ): δ H 0.88 (6H, t, J = 6.5 Hz, 2 × CH 3 CH 2 ), 1.02 (3H, t, J = 7.3 Hz, CH 3 CH 2 ), 1.26-1.50 (44H, m, 3 × CH 3 CH̲ 2 , 19 × CH̲ 2 (CH 2 ) 2 ), 1.67-1.76 (6H, m, 3 × CH̲ 2 CH 2 N), 3.29 (3H, s, CH̲ 3 N), 3.42-3.50 (6H, m, 3 × CH 2 N). 13 
Materials and methods
General instrumental methods
Commercially available products were used without further purification. NMR spectra were recorded at 400 MHz ( 1 H) and 100 MHz ( 13 C) in CDCl 3 or MeOD with a Bruker Avance III Nanobay 400 MHz spectrometer at room temperature. Lowresolution mass spectra were recorded with a single quadrupole mass spectrometer (ESI, 70 eV). High-resolution mass spectra were obtained with a time-of-flight (TOF) mass spectrometer (ESI or APCI).
Liposome formulations
The liposomal solutions were prepared by hydration of a lipid film. A 1.5 mM solution (1 mL) of each compound was prepared in chloroform, formulated with or without DOPE (1 : 1 compound/DOPE) and evaporated under reduced pressure to produce a thin lipid film. Water (1 mL) was added to rehydrate this lipid film in a time period of 7 days at room temperature. The solution was vortexed (10 s) and sonicated (30 min at 50°C) at 45 kHz using a VWR ultrasonic bath. The size and zeta potential were determined for each liposomal formulation.
DNA complexation
Lipoplexes were prepared by mixing pDNA ( pEGFP-Luc, Clontech) with each liposomal solution in Opti-MEM (Gibco). Addition of pDNA to the liposomal solutions was performed at concentrations corresponding to CR ranging from 1 to 8. The obtained mixtures were incubated at room temperature for 1 hour before being subjected to electrophoresis in a 0.8% agarose gel at 100 V, 90 mA. The gel was previously stained with SYBR gold nucleic acid gel staining (Life Technologies) and visualized using a UV transilluminator (Fischer Bioblock).
Transfection efficiency
The in vitro reporter gene assay via the luciferase measurement was carried out as reported previously. 9b,20 In short, the four cell lines were grown in either EMEM (16HBE) or DMEM (A549, SKMEL28 and C2C12) both supplemented with 10% bovine fetal serum, 1% antibiotic and 1% L-glutamine. All incubations were performed at 37°C in a humidified atmosphere containing 5% CO 2 . The day before transfection, the cells were seeded into a 96-well plate at a density of 25 000 cells per well. Lipoplexes were prepared as detailed above and then added dropwise to each well; the commercial formulation Lipofectamine Reagent (Invitrogen) was used as a positive transfection control whereas naked DNA was used as a negative control. After 48 h at 37°C, the culture medium was removed and the cells were lysed with Passive Lysis Buffer (Promega) prior to examination via a chemiluminescence assay (Luciferase Assay System, Promega) to determine the luciferase expression. The total protein content of each cell lysate was determined using the BC assay kit (Uptima). Finally, data were expressed as relative light units (RLU) per milligram of total proteins (mean ± SD with n = 3).
Cell viability
The cell viability was considered to estimate the toxicity resulting from the exposure of the cells to the lipoplexes. For this purpose, the ViaLight kit (Lonza) was used to determine the ATP content which reflects the number of living cells (transfected or not) in culture, as a result of both cell proliferation and cell mortality (either normal or experimentally-induced) that occurred during the 48 hours of the experiment. This assay was used as recommended by the manufacturer. The results were expressed as percentages relative to the viability of non-transfected cells used as the reference (100% cell viability).
